Age-dependent differences in mechanical performance and morphometric and electron microscopic characteristics of atrial and ventricular trabeculae are described. At 3 months, atrial and ventricular trabeculae develop the same amount of force. At 9 months, the ventricular muscle develops twice as much force as its atrial counterpart, although shortening is almost identical in both muscles. At any age, velocity of shortening of atrial trabeculae is at least twice that of the ventricular muscles. StereologicaJ data indicate that atrial and ventricular working myocytes maintain fixed volume fractions of myofibrils (70%) and mitochondria (25%) between 3 and 9 months of age. A broad frequency distribution of sarcomere lengths was measured at Lmax in muscles of the younger age groups. More than 80% of sarcomeres of adult atrial and ventricular myocytes clustered around 2.05 to 2.25 /im; only 30% of sarcomeres of younger atrial myocytes and 45% of sarcomeres of younger ventricular myocytes were within that length bracket. About 45% of sarcomeres in younger atrial muscles had lengths in excess of 2.35 pm; less than 3% of sarcomeres were longer than 2.35 fun in adult atrial muscles. Sarcomere lengths cluster more and more around the mean with increasing age, suggesting that with maturation there is a more homogeneous recruitment of sarcomeres. At both ages, there is a marked difference between atrial and ventricular myocytes whether examined in terms of morphological development or functional performance. We conclude that any work correlating myocardial structure and function must account for two things: the site from which the muscle was excised and the age of the donor heart.
AGE-RELATED changes in developed tension, 1 passive elastic stiffness, 2 or maximum velocity of shortening' 1 are as well established as age-related differences in the sensitivity to digitalis. 4 It also is well known that the heart is not made of a homogeneous population of working myocytes and that the differences in structure 5 '" and function 7 -a between atria and ventricles are quite marked. Age-related changes in ventricular contractility have been studied in some detail in lambs and sheep 1 and in cats, 9 " 11 but little or no attention has been given to the effects of maturation on atrial contractile performance in any species. 1 -9 In this study we describe age-dependent differences in the mechanical performance of isolated canine atrial and ventricular trabeculae. Presentation of the physiological observations is combined with morphometric and electron microscopic data from atrial and ventricular trabeculae previously studied in the myograph.
Methods
Thirty-six mongrel dogs of either sex were anesthetized with sodium pentobarbital, 30 mg/kg, iv. Two age groups were studied: one group was (n = 18) 13 ± 4 weeks old (3 months) and the second group (n = 18) 35 ± 5 weeks old (9 months). The entire heart was rapidly removed and placed in a beaker of Krebs-Ringer's bicarbonate solution that was gassed at 37°C with a 95% O 2 -5% CO 2 gas mixture. The bathing solution contained (mmol/liter): Na+, 145; K + , 4.2; Ca 2+ , 1.25; Mg 2+ , 1.2; Cl", 125; SO 4 2 ", 1.2; H 2 PO 4 -, 2.4; HCO 3 -, 25; and glucose, 5.6. The same oxygenated and stirred solution was used subsequently for isolated muscle superfusion. After equilibration, the solution had an oxygen tension (Po 2 ) of 550 mm Hg or greater and a pH of 7.40 ± 0.02.
Ventricular and atrial trabeculae were isolated as previously described. 8 Each muscle specimen then was mounted in a myograph 11 with one end of the muscle attached to a fixed force gauge that has no measurable nonlinearity in the tension signal over applied forces up to 10 g. The other end of the muscle was attached to a light aluminum pendulum or length lever, positional changes of which were sensed by a linear differential transformer whose small iron core was attached firmly to the lever. The equivalent mass of the lever was 0.3 g, which has a negligible effect on muscle characteristics. Displacements of up to 10 mm showed no measurable nonlinearity in the length signal. The frequency responses for both systems were determined and were found linear up to 100 Hz. The compliance of the combined tension transducer and the lever system was less than 0.5 /u.m/g. An adjustable micrometer which restrained the lever movement was used to set the muscle lengths. Along the lever, a small wire carrying electrical current in a magnetic field generated the desired forces (load on muscle) to hold the lever against the micrometer.
Outputs from the force and length gauges and the stimulus signal were sent through an A/D converter to a PDP-7 computer. The computer then signaled through a VOL. 42, No. 5, MAY 1978 D/A converter back to the apparatus to control loading of the muscle. Prior to each isometric tension series, the computer recalibrated the tension transducer if this was necessary. The contractions then were registered and the following data were routinely calculated and recorded on digital tape: the length and tension signals at 1000 samples per second, resting tension, developed tension (peak developed isometric tension at L max ), maximum rate of tension rise, maximum change in length, maximum velocity of shortening, latency (defined and measured as the interval between the onset of the stimulus and the point at which the developed tension reached 2% of its maximum value), time to maximum tension, time to maximum rate of tension rise, time to maximum shortening, time to maximum velocity of shortening, and relaxation time. The cross-sectional area was estimated at L max (the length of the muscle at which developed tension was maximum) by dividing the weight of the muscle by its length. This value then was used as the normalizing factor for tension.
After being mounted, the muscles first were allowed to shorten with a preload equivalent to approximately 50% of the resting tension subsequently observed at L max . After about 2-3 hours, length-tension curves were obtained, and we noticed that, for the next 24-hour period, during which each experiment was performed, there was no significant change in peak isometric tension. In every experiment after each incremental change of initial muscle length, an interval of 5 minutes was allowed to elapse before the data were recorded. This procedure was adopted to minimize the effect of stress relaxation. Temperature was kept constant (25.0 ± 0.1°C) through a feedback-controlled Peltier junction.
All preparations used were quiescent unless stimulated. Unless otherwise indicated, each muscle was stimulated 12 times/min by rectangular pulses delivered to plate electrodes from a Grass stimulator. Stimulus duration was 5 msec and the voltages used were 10% above threshold.
For electron microscopic observations, five muscles of each age group, comprising four atrial and one ventricular trabeculae, were fixed in the chamber of the myograph immediately after the study of their mechanical performance. Electrical field stimulation first was terminated and the perfusate was replaced rapidly (within 10-15 seconds) with 5% glutaraldehyde fixative in 0.1 M phosphate buffer at pH 7.2. During this procedure, the muscles were held isometrically at the predetermined L max . Changes in resting tension were monitored and measured continuously. Initially, the fixative was changed three times at 5-minute intervals, and then continued fixation was carried out for 45 minutes at 25°C. The muscles then were removed from the myograph, transferred into a fresh fixative, and fixed for another hour at 4°C. During fixation, each end of the muscle specimen was cut obliquely with respect to its long axis; then the middle of the specimen was cut perpendicularly to its long axis. This permitted macroscopic distinction between the midportion end and the distal end of the bisected tissue blocks.
The bisected blocks from individual muscle specimens then were transferred into the lid of a Beem capsule (size 00) filled with the fresh resin mixture. These tissue blocks were placed 180° apart at the rim of the capsule lid. One of the blocks was oriented so that its long axis paralleled a line tangential to the lid circle; another block was placed so that the midportion end came to the periphery with its long axis vertical to the line tangential to the lid circle. The resin mixture was cured in an oven at 60°C. Light and electron microscopic observations were made from completely longitudinal and transverse sections from the midportion of the whole muscle specimen. The longitudinal sections were obtained from the tissue block which was embedded with its long axis parallel to a tangential line of the resin disc. The resin disc was placed in a vise-type holder of a Porter Blum MT-1 or MT-2 ultramicrotome so that the tissue block mentioned above came to the top of the disc with its long axis parallel to the position of the knife edge. Under the stereomicroscope, a part of the distal side of the muscle specimen was cut off with a razor blade so that only the midportion of the muscle specimen remained for light and electron microscopy. Semithin sections, each approximately 1 /j.m thick, were cut with a glass knife on the ultramicrotome. The sections were stained with toluidine blue and monitored by light microscopy. When muscle fibers were cut obliquely with respect to their long axes in the sections, the resin disc was replaced in its holder so that the majority of muscle fibers were longitudinally oriented in sections.
Consecutive ultrathin sections were cut with a diamond knife on the ultramicrotome, mounted on copper grids (400-or 200-mesh) and stained with uranyl acetate and lead citrate for electron microscopy. In order to avoid compression artifacts, sections were cut with the knife edge parallel to the long axis of the muscle. In our experience, when sections are cut with the knife edge perpendicular to the long axis of the muscle, the sarcomeres or the A bands are shortened by 12%, compared with the sections cut in the manner mentioned above. The transverse sections were cut from another block which was located in the opposite side of the disc and oriented vertically toward the tangential line of the disc. The semithin sections and ultrathin sections for light and electron microscopy were cut and stained as described for the longitudinal sections. Electron microscopy used a Philips 300 electron microscope.
Measurements of the Lengths of Sarcomeres
Longitudinal sections of muscle fibers mounted on 400mesh grids were used. To eliminate bias from sampling, one or two electron micrographs were obtained in one specified corner of more than 10 consecutive squares of the grid. The electron micrographs were photographed at an original magnification of 4,600 times and printed at a final magnification of 10,400 times. Accurate calibration of the magnification was made daily by using a carbon replica cross-grating which contained 2,160 lines/mm. For measurement of the lengths of sarcomeres, care was taken to select only those myofibrils which remained in the ultrathin section for at least the length of 10 sarcomeres with an A band length of 1.5 fxm. More than 100 measurements (to hundredths of /xm) were made randomly on different sarcomeres and their respective A bands. Since A band length appears to be uniform in a great variety of preparations, it was used as normalizing factor.
Quantitative Assessment of Volume Fractions of Myofibrils and Mitochondria in Myocardial Cells
The volume fractions of myofibrils and mitochondria in atrial and ventricular myocardial cells were quantified by means of the point-counting methods of Weibel 12 and Sitte. 13 Both longitudinal and transverse sections of muscle cells were used for point countings and the data were averaged. 1 ' 1 In our study, longitudinal and transverse ultrathin sections from individual muscle specimens were mounted on 400-mesh grids. To avoid biased sampling for either section, one or two electron micrographs were obtained in one specified corner of more than 10 consecutive squares of the grid. They were magnified 4,600 times in the original and printed at a final magnification of 10,400 times. Each print was 18.2 x 22.0 cm in size and covered approximately 371 /xm 2 of tissue section. The electron micrograph was placed under a transparent grid with vertical and horizontal lines. The interval between consecutive horizontal or vertical lines was 10 mm, corresponding to approximately 1 fx,m in the micrograph. Over transverse sections, the grid was superimposed arbitrarily, whereas, over longitudinal sections, the grid was placed so that either set of lines in the square lattices was oriented at 19 or 71 degrees to the long axis of myofibrils.'' 1 The intracellular volume fraction of myofibrils (Vmf/Vcell) and mitochondria (Vmt/Vcell) was given by the equation, Vmf/Vcell = Pmf/Pcell and Vmt/Vcell = Pmt/Pcell, re-spectively, where Pmf, Pmt, and Pcell signify the number of points (formed by intersections of grid lines) falling on the areas of myofibrils, mitochondria, and intracellular area, respectively. The areas occupied by nuclei and intercalated discs were excluded from the counting. The volume ratio of myofibrils to mitochondria (Mf/Mt) also was given by Pmf/Pmt. Unless otherwise indicated, the results are expressed as means ± 1 SD. The significance of differences was assessed by Student's Mest; the comparison of regression lines was made by a standard technique. 15 Table 1 summarizes the data obtained at L max from 18 muscles isolated from the same region of the right atrial appendage of dogs 3 months (« = 9) and 9 months (n = 9) of age. Although both the length and the weight of the trabeculae excised from the older hearts were greater than for their younger counterparts, their respective cross-sectional areas were not significantly different. The resting tension was the only parameter of the length-tension curves and force-muscle shortening relationships that underwent a significant age-related change, since it was found to be consistently lower at 9 months than at 3 months of age. Figure 1 shows the two length-tension diagrams obtained for the atrial trabeculae from the 3and 9-month-old animals. Whereas the slopes of the resting tensions are significantly different, the developed tensions are virtually identical. The x intercept is not influenced by maturation and remains around 0.860 ± 0.026 mm/L max . Figure 2A illustrates the extent of shortening plotted against load for the two groups of atrial muscles. Neither the slopes nor the linear extrapolations to the y intercept were significantly different. The same observations was made for the force-velocity curves, demonstrating that the velocity of shortening does not change between 3 and 9 months of age ( Fig. 2B ).
Results

Contractile Performance of Right Atrial Trabeculae Studied at 3 Months and 9 Months of Age
Contractile Performance of Right Ventricular Trabeculae Studied at 3 Months and 9 Months of Age
The results obtained at L max for 18 muscles are summarized in Table 2 . Weight, length, cross-sectional area, and the resting tension were not significantly different in the two age groups. In contrast to atrial trabeculae, however, the right ventricular trabeculae nearly doubled their developed tension and the rate of rise of tension between 3 and 9 months of age. Furthermore, when studied at the same initial muscle length and a constant afterload of 1 g, the extent of shortening increased by 73% and the velocity of shortening by as much as 39%. Except for time to maximum velocity of shortening, all measurements of duration were longer at 9 months than at 3 months of age. Figure 3 illustrates the linear regressions of the two length-tension diagrams plotted from all the data collected for those 18 ventricular trabeculae. Whereas the resting tension remained virtually unchanged between 3 and 9 months of age, the developed tension in the older age group was, at any initial muscle length, approximately twice that observed in the younger group. There also was no significant difference between the L o of the younger and older ventricular muscles. Figure 4A compares the extent of shortening and Figure 4B the velocity of shortening vs. load at 3 and 9 months of age. In contrast to the slopes of these relationships that were not significantly different, both the x and y intercepts were significantly different. Table 3 is a statistical summary that compares at Lmax isometric and isotonic variables of atrial and ventricular trabeculae at 3 months and 9 months of age. In the younger age group, the contractile performance of the right atrial trabecula is in most respects superior to that of its right ventricular counterpart. At 9 months of age, however, the right ventricular muscle was found to develop twice as much force as its atrial counterpart, whereas neither the rate of rise of tension nor the extent of shortening was significantly different ( Fig. 2A) . Although unable to match the 9-month-old ventricular muscle in force development, the atrial trabecula retained its relative advantage in speed in that the maximum velocity of shortening was still significantly greater. The duration of contraction, the time to maximum developed tension, the relaxation time, and the time to maximum shortening also remained significantly briefer in the 9-month-old atrial muscle. At any age there was a significant difference between the Lo (point at which the linear extrapolation of the resting tension intercepts the x axis) of atrial and ventricular trabeculae ( Figs. 1 and 3) , but neither the Lo of the atria nor the L o of the ventricular muscle changed as a function of age. Figure 2B compares the force-velocity relationships found for the 3-and 9-month-old ventricular trabeculae, and both linear regression lines are compared to those of their atrial counterparts. Growth in the atrium did not significantly alter its force-velocity relationship, and the linear extrapolation of the mean atrial V max was around 0.801 ± 0.220 mm-sec" 1 /!™,*. In contrast, the same linear extrapolation gave a mean ventricular V max at 3 months of age that was significantly lower (0.290 ± 0.056 mmsec-'/Lmax) than at 9 months of age (0.330 ± 0.077 mm-sec-'/Lmax) (P < 0.05), and both were significantly lower than the V max of atrial tissue studied at any age.
Comparison between Atrial and Ventricular Trabeculae at 3 Months and 9 Months of Age
Histological Organization of Atrial Myocardium
Atrial trabeculae show a characteristic pattern of partitioning by connective tissue (Figs. 5 and 6 ). The segmentation is longitudinally oriented and provides well-defined linear compartments for numerous tightly packed bundles of mostly slender atrial working myocytes. The predominant orientation of these atrial muscle strands is clearly linear (Fig. 5 ). Longitudinal collagenous partitioning was observed in every atrial trabecula studied, but the amount of interstitial tissue definitely increased with age. Although the average size of atrial myocytes varied considerably from specimen to specimen and even within the same preparation, the overall size did not appear to change substantially between 3 and 9 months of age (Figs. 5 and 6).
Intercellular Connections and Sarcomere Length of Atrial Myocardium
Intercellular connections between atrial working myocytes differ considerably from the characteristic interca- lated discs observed in mature working ventricular myocytes. At any age, atrial intercalated discs are short, mainly because atrial myocytes are slender. Some discs are in a plane perpendicular to the cell's long axis but most are obliquely oriented, often gently curving across the cell interspace ( Fig. 7) . Both in the young and adult atrial discs there are fasciae adherentes, desmosomes, nexuses, and undifferentiated regions; however, between special regions of the disc there are fewer infoldings and interdigitations. Side-to-side connections between atrial myocytes are frequent (Fig. 7A ). Within the collagenous segmental compartmentation of atrial trabeculae, the individual myocytes have numerous end-to-end and side-toside nexal connections, and this characteristic pattern is not affected by growth. Sometimes there are side-to-end connections ( Fig. 8 ) that are so small that the general appearance is indistinguishable from the ordinary branching frequently observed in the ventricle. This pseudobranching may in fact represent a functional equivalent of ventricular cellular branchings.
The results of measurements of sarcomere length in atrial myocytes are summarized in Fig. 9 . At comparable A band length, adult sarcomeres appear to be substantially shorter than sarcomeres from younger atrial myocytes. The frequency distribution indicates that, whereas more than 80% of the sarcomeres cluster around 2.05 to 2.25 /xm in the adult muscle, only about 30% of the sarcomeres are within that same length bracket. Furthermore, about 45% of the sarcomeres measured in the younger muscles had a length at Lm ax that was in excess of 2.35 /xm, whereas less than 3% of the sarcomeres were found to be longer than 2.35 /itn in the adult atrial muscles. Taken collectively, these results indicate that, in the adult atrial muscle stretched to Lm a x> most sarcomeres have approximately the same length. This is not true for the younger atrial muscles in which approximately half of the sarcomeres are longer than the longest adult atrial sarcomere.
The stereological evaluation of the respective volume fraction of contractile material and mitochondria is shown in Table 4 . The findings are remarkably similar, independent of whether the point counting is carried out in the longitudinal sections or in the cross-section preparations. In both cases and at any age, the volume fraction of contractile material is around 70%, whereas that of the mitochondria remains around 25%.
Histological Organization of Ventricular Myocardium
In contrast to their atrial counterparts, ventricular trabeculae have no particular collagenous segmental partitioning in a longitudinal pattern, although there is abundant randomly oriented collagen. The average ventricular cells are bigger, branch frequently, and are mostly connected to each other by end-to-end intercalated discs.
Intercellular Connections and Sarcomere Length of Ventricular Myocardium
Intercellular connections between ventricular working myocytes undergo profound transformation between 3 and 9 months of age. In the younger age group, intercalated discs are poorly developed ( Fig. 7B ) and almost indistinguishable from those observed at any age in the atrial muscle. Intercellular junctions of young (3 months) ventricular myocytes are characterized by an oblique orientation instead of being perpendicular to the cell's long axis (Figs. 7B and 10B ). There are fewer invaginations and interdigitations. Side-to-side connections are infrequent and T tubules are already well developed in the younger age group (Fig. 7B) . At 9 months of age, the majority of intercalated discs in ventricular myocytes have achieved adult development (Figs. 7C, and 11) .
The stereological estimates again performed with point counting in both the longitudinal and cross-section preparations gave a concentration of mitochondria that averaged around 22% in both age groups and a concentration of contractile material of about 70% in both the 3-and 9month-old ventricular trabeculae (Table 4 ). Figure 11 summarizes the measurements of sarcomere length in ventricular myocytes. At comparable A band length, the younger ventricular myocytes show sarcomere lengths of considerably broader frequency distribution than their mature counterparts. While more than 80% of the sarcomeres cluster around 2.05 and 2.25 /nm in these adult cells stretched to L mnx , only about 45% of the sarcomeres are found at the same lengths when younger ventricular myocytes undergo identical stretch.
Discussion
Contractile performance of cardiac muscle clearly changes as a function of age. Right atrial maturation proceeds at a faster pace than that of the right ventricle. At both ages studied there is a marked difference in morphological development between atrial and ventricular working myocytes. One ineluctably concludes that any work on correlating myocardial structure and function must carefully account for two things: the site from which muscle was excised and the age of the donor.
Perhaps the most intriguing finding of our own study is the fact that the right ventricular contractile performance nearly doubles between 3 and 9 months of age, whereas right atrial trabeculae studied at the same ages and under the same conditions do not change.
In contrast to a recent report 10 in which ultrastructural morphometric analysis was conducted in neonatal, infant, and adult cat papillary muscles, we have been unable to demonstrate any significant increase in canine atrial and ventricular volume fractions of either myofibrils or mitochondria between the age of 3 and 9 months. On the other hand our stereological data from growing canine right ventricle are in remarkable agreement with those of earlier reports from the left ventricle of rats 15 and from the right and left ventricles of both rats and dogs. 16 Furthermore, our study also provides evidence that right atrial working myocytes resemble their right ventricular counterparts in maintaining fixed volume fractions of myofibrils and mitochondria between the age of 3 and 9 months. Our data also demonstrate that, although cardiac muscle has been characterized as an anisotropic system, 14 the point counting gave remarkably similar findings, independently of whether the counting was performed in the longitudinal or in the cross-section preparation. Several studies have shown that there is a definite age-related increase in cardiac collagen concentration in man 18 20 and in other animals." Our microscopic evaluation of the specimens studied not only supports this viewpoint, but also is in accord with the widely recognized fact that the collagen concentration of an adult atrial muscle far exceeds that of its ventricular counterpart. Taken collectively, these morphological observations, particularly the disproportionate age-related increase of collagen in the atrium and the constant volume fractions of myofibrils and mitochondria in atria and ventricles, provide an anatomic basis for the measured different age-dependent functional changes in atrial and ventricular trabeculae. Thus, the most plausible explanation for the difference in right atrial and right ventricular performance at 9 months of age is the fact that there is more contractile material per unit volume of myocardium in a right ventricular than in a right atrial trabecula. On the other hand, since there is no change in the volume fraction of contractile material in a right atrial trabecula between 3 and 9 months of age while connective tissue is added to the extracellular space, it is surprising that right atrial performance remains essentially unchanged. These findings suggest that the observed more homogeneous recruitment of sarcomeres is perhaps synonymous with a more effective recruitment of atrial contractile material at 9 than at 3 months of age and that this effect is capable of offsetting the age-related decrease in contractile material per unit volume of atrial myocardium.
We do not know why the ventricular contractile performance improved as much as it did between 3 and 9 months of age. Since the times to maximum rate of tension rise and to maximum velocity of shortening did not significantly change between 3 and 9 months of age, we doubt that there is any significant change in intracellular calcium kinetics and conclude that the age-dependent increase of ventricular contractile performance is best attributed to the more homogeneous recruitment of sarcomeres. Since almost twice as many sarcomeres are distributed around the mean at 9 months of age, it is logical to postulate that maturation optimizes cross-bridge attachments in twice as many sarcomeres, which in turn is responsible for a proportional increase in function.
Others have shown that the resting tension of right ventricular papillary muscles was significantly higher in kittens than in adult cats. 9 A similar observation was made when fetal and adult right ventricular moderator bands of lambs' were compared. In our study, however, at any muscle length, the resting stress of canine right ventricular trabeculae was the same at both 3 and 9 months of age. This discrepancy may be more apparent than real, since both the 16-to 18-day-old kitten and the fetal lamb are significantly younger than our 3-month-oId puppies, whereas our 9-month-old dogs are chronologically and physiologically comparable to adult cats and lambs.
There may be special significance in the change in passive tension that occurred in the right atrial muscles. Resting tension at L max was significantly higher at 3 than VOL. 42, No. 5, MAY 1978 mf FIGURE 10 A: Three-month-old ventricular trabecula with poorly developed intercalated disc (ID). Note the oblique orientation and the few invaginations and interdigitations. Mf = myofibrils, mt = mitochondrion, and f = fibrillar material. B: Adult ventricular trabecula with intercalated disc running almost directly perpendicular to the cell's long axis. Note the frequently observed step from the Z line (Z) level of one group of myofibrils (mf) to a different level in an adjacent myofibrillar group. SL = sarcolemma, mtmitochondrion, D = desmosome, and FA = fasciae adherentes. at 9 months of age, suggesting that the younger atrial muscle is stiffer than the older muscle. Since atrial contractile performance remained unchanged between 3 and 9 months and because there was an apparent decrease in atrial stiffness that accompanied atrial growth, atrial mat- uration must enhance atrial effectiveness. Furthermore, since connective tissue increases while resting tension decreases, higher connective tissue content must have little or no effect on passive stiffness. L ( , was the same in the younger and older atrial trabeculae. It seems improbable, therefore, that the accumulation of interstitial collagen which accompanies normal growth influences the amount of stretch at L max . The same consideration applies for the ventricular trabeculae, since L o was the same at 3 and 9 months of age. There was, however, at any age a significant difference between atrial and ventricular L o ; this was at any age less in the atria than in the ventricle. Because there is more connective tissue in the former, we conclude that the increasing deposits of connective tissue which normally accompany muscle growth have no effect on the passive tension curve, at least at lengths less than Lmax-This statement does not imply, however, that connective tissue deposited in replacement of necrotic or otherwise diseased myocytes could not enhance passive stiffness.
An exceptionally broad frequency distribution of sarcomere lengths was measured at L max in the muscles of the younger age groups. This frequency distribution of sarcomere lengths distinctly tended to cluster more and more around the mean in direct relation to increasing age, suggesting that with maturation there is a more homogeneous recruitment of the sarcomeres. The greatest average length of sarcomeres at L max was regularly found in the 3month-old atrium, and these muscles are also those with the greatest passive stiffness. Since both sarcomere lengths and resting tension substantially decreased with maturation, and because the addition of interstitial tissue apparently plays no significant role in these changes, one is tempted to suggest a causal relationship between these two parallel changes.
The obliquely oriented and gently curving intercalated discs that often are seen in the 3-month-old ventricular myocytes are hardly distinguishable from those observed in the atrial myocytes at any age. By contrast, almost all the intercalated discs of the 9-month-old ventricular myocytes cross perpendicularly to the cell's long axis, making frequent steps from the level of one Z band to that of more proximal or distal sarcomeres. The extensive and elaborate interdigitation present in the intercalated discs of adult right ventricular myocytes may provide the needed greater intercellular adhesive strength that necessarily accompanies enhanced contractile performance.
